Over the past two decades, numerous investigators have reported an association between caesarean delivery and asthma development. Proposed mechanisms for this association include differences by delivery mode in microbial colonisation 1,2 and neonatal respiratory morbidity. [3] [4] [5] [6] Three separate meta-analyses have concluded that asthma risk is approximately 20% higher in children delivered by caesarean than those delivered vaginally. [7] [8] [9] In the literature on the association between caesarean and asthma, to our knowledge, only four studies have reported sex-specific associations between caesarean and asthma or persistent wheezing, and all four 
reported higher point estimates among girls than boys. [10] [11] [12] [13] Only one 12 of the four studies [10] [11] [12] [13] reported evidence of multiplicative interaction. The consistency of stronger associations among girls is noteworthy, particularly in the light of the frequently limited power for tests of interaction, 14 and known sex differences in the epidemiology and natural history of childhood asthma. For example, asthma prevalence is higher among boys until puberty when prevalence becomes higher among girls. Observed sex differences in airway size, lung growth, and immunology are thought to play a role in higher prevalence among young boys; sex hormones are thought to play a role in the increase among girls after puberty. 15 We conceptualise three potential explanations for why the association between caesarean delivery and asthma appears stronger in girls than boys. First, estimates in one sex could be more biased than the other, for example, due to differential sources or magnitude of confounding (eg, if maternal asthma was a risk factor for childhood asthma only among female offspring). Second, the four studies to observe stronger associations among girls all used ratio measures of association. Given the known higher baseline risk of asthma among young boys than young girls, if the effect of caesarean on asthma is additive rather than multiplicative, ratio measures could make the associations appear stronger in girls. Third, caesarean may truly be a more frequent cause of asthma among girls than boys.
The provocative but limited evidence on sex differences in the association between caesarean delivery and asthma motivated us to test this hypothesis. We addressed whether observed differences by sex could be explained by sex differences in confounding by measured variables for caesarean and asthma (sex-dependent associations between covariates and caesarean or asthma), or the use of ratio measures of association instead of difference measures. We also conducted meta-analyses stratified by sex, combining results from our study with those published in the literature, to summarise the evidence on this association.
| ME THODS
The Kaiser Air Pollution and Pediatric Asthma Study (KAPPA) is a retrospective birth cohort of 24 608 racially diverse children in- University Institutional Review Boards approved this study. Children in the KAPPA cohort were followed from birth until KPGA enrolment ended, or until September 2013 if that occurred first. Mode of delivery was determined using Georgia birth certificates and dichotomised as vaginal or caesarean. Linkage to birth certificates was completed by KPGA through maternal information (ie, name, date of delivery, and address). There were 7533 children from the KAPPA study ex-
cluded from this analysis due to missing mode of delivery information. Mode of delivery was missing for three reasons: inability to link children to mothers in KPGA (n = 2817), inability to link children to birth certificates on maternal information (n = 3208), and missing data from birth certificates due primarily to an administrative issue involving a change in variable names (n = 1508). Figure S1 provides details on this linkage. Information from KPGA medical records was available for all children included in this analysis and their mothers.
We examined cumulative asthma incidence by ages 2 through 6, classifying a child as having asthma if after the first year of life they received at least one asthma diagnosis (ICD-9 493.XX) and one asthma-related medication dispensing (including steroid and non-steroid relievers and controllers). Once a child was classified as asthmatic, they were classified as such at every subsequent age. There is no one widely accepted case definition for early-life asthma due to the difficulty of diagnosing asthma in young children and the transience of childhood asthma. As a secondary outcome, we examined persistent asthma at age 5, defined as a child with incident asthma by age 5 who also had at least one asthma diagnosis or one asthma-related medication dispensing between his or her 4th and 5th birthdays; for this analysis, we excluded children who met the definition of incident asthma but had no evidence of asthma morbidity between age 4 and 5. Age 5 was selected because diagnoses of asthma become more reliable around age 5.
| Statistical analysis
The association between caesarean and cumulative asthma incidence was assessed using binomial generalised linear regression.
The risk difference (binomial model with an identity link function)
and risk ratio (log-binomial regression) were the primary and secondary measures of association of interest, respectively. We calculated both measures to investigate whether the measure used affected conclusions. Cumulative risk of asthma was assessed in successively longer time periods among children enrolled to each follow-up age:
1-to 2-year risk, 1-to 3-year risk, 1-to 4-year risk, 1-to 5-year risk, and 1-to 6-year risk. Models were estimated using generalised estimating equations with robust variance estimation to account for correlation between siblings. and preterm birth (<37 weeks' gestation determined from last menstrual period). Effect modification by sex was assessed in sexstratified models and by the addition of a product term to models.
| Meta-analyses
We conducted a literature search of papers published through
February 2017 in PubMed and Web of Science with the search terms (cesarean section OR C-section OR mode of delivery) and (asthma OR wheeze). Abstracts were screened to identify studies that estimated the association between mode of delivery and asthma or wheeze among children. Only articles in English were included, and we confirmed that all studies included in meta-analyses on this topic 7-9 were captured. We then reviewed the results sections of included articles on the association between caesarean and asthma to identify any reported sex-specific associations. To summarise the evidence for potential effect modification of the association between caesarean and asthma by sex, we performed random-effects meta-analyses combining our sex-specific results with those from previous studies. We used the odds ratio as the measure of association for the meta-analyses because it was used by the majority of previous studies on this topic. This and another study did not use the odds ratio as a measure of association in their analysis: (a) for our study, we TA B L E 1 Overall cohort characteristics among 17 075 children from the KAPPA cohort and number and per cent caesarean delivery among males (n = 8729) and females (n = 8346)
re-calculated the age 5 adjusted analyses using logistic regression;
(b) for one previously published study, we approximated odds ratios from risk ratios. 16 Publication bias assessment was completed using funnel plots and Egger's test. 17 Analyses were completed in SAS 9.4
(SAS Institute Inc., Cary, NC) and R 3.1.
| RE SULTS
Of the 17 075 children from the KAPPA study, 31.2% were delivered by caesarean. Preterm birth and maternal age of 40 or more were strongly associated with increased risk of caesarean. There was a trend of increasing proportion of deliveries by caesarean over time, from 23% among children born in 2000 to 34% among children born in 2010; no temporal trend was observed for asthma incidence.
Boys were more likely to be delivered by caesarean than girls (33% vs 30%, Table 1 ) and also were more likely to have asthma at every age (Table S1 ). Distributions of caesarean and asthma were similar between children lost to follow-up and children retained in the cohort. The strongest predictors of childhood asthma were male sex, maternal asthma, and preterm birth (Table S2) .
Overall risk differences for caesarean and asthma incidence were positive in both unadjusted and adjusted models and increased with follow-up age (Table 2) ; associations combining the sexes are TA B L E 2 Risk differences, risk ratios, and 95% confidence intervals for asthma incidence by ages 2-6 and caesarean delivery; full cohort and stratified by sex Stratifying by sex, unadjusted risk differences were similar between sexes, but slightly larger among girls than boys. In adjusted results, differences by sex were more pronounced, with stronger evidence of an association between caesarean and asthma among girls than among boys at every follow-up age (Table 2 ). For example, among girls by age 5, caesarean was associated with a 3.8%
(95% CI 0.4, 7.3) higher risk of asthma while among boys caesarean was associated with a 1.9% (95% CI −1.7, 5.4) higher risk. Sexspecific risk differences calculated using a cross-product term between caesarean and sex (Table S3) were very similar to risk differences from stratified models ( Table 2) , as were models controlling for low birthweight instead of preterm birth. When using the risk ratio, effect estimates did not increase with follow-up age, but otherwise, the pattern of results was similar to those observed using risk differences (Table 2) . Tests for interaction were not statistically significant (P-values >0.2 for interaction in adjusted models). We examined the individual and joint effects of male sex and caesarean, each relative to the referent group of females born vaginally for both the risk difference and risk ratio for cumulative asthma incidence of asthma by age 5. For both additive and multiplicative measures, the interaction parameter male*caesarean was imprecise, but in the direction of sub-additive and submultiplicative (negative interaction) (Table S4 ).
When we assessed the outcome of persistent asthma at age 5
(cases restricted to those with evidence of asthma morbidity between ages 4 and 5), results were similar to results for incident asthma. In adjusted models, the RD for persistent asthma at age 5 was 3.4% (95% CI 0.2, 6.6) for girls and 0.8% (95% CI −2.5, 4.2) for boys.
Assessment of individual covariates and their impact on sex-
specific results indicated that preterm birth and maternal asthma were confounders of the association between caesarean and asthma for both males and females; however, preterm birth was a stronger predictor of asthma for boys (risk increase of 12% for boys vs 5%
for girls by age 5, Table S2 ), and therefore, adjustment for preterm birth (which is also associated with caesarean, 
]). However, mater-
nal asthma increased the caesarean rate by 6% for boys, and only 1% for girls, relative to non-asthmatics (Table 1) , so adjustment for maternal asthma had a greater impact on estimated associations for boys. These findings are consistent with our DAG (Figure 2) highlighting assumptions about relationships between key variables in our analysis.
We identified 60 studies that assessed the relationship between delivery mode and childhood asthma. Five of these studies indicated that they explored interaction by sex, and four reported separate estimates for males and females [10] [11] [12] [13] (Table 3) . One study 18 did not provide estimates, but indicated they observed no interaction by sex when assessed by a Wald test. In random-effects meta-analyses combining stratified results from the KAPPA study with those from previous studies, the summary odds ratio for the association between caesarean and asthma among girls was 1.26
(95% CI 1.14, 1.39) and 1.08 (95% CI 0.98, 1.20) among boys. We observed no evidence of heterogeneity (Figure 1 ) or publication bias ( Figure S2 ) for either meta-analysis. The summary odds ratios for males and females were different (P = 0.036).
| COMMENT

| Principal findings
This is the fifth study to report stronger estimated associations between caesarean delivery and asthma among girls than boys. Within our study and in three of the four previous studies, there was no strong evidence of sex differences, but the consistency of higher estimates among girls across the five studies that report sex-specific associations is noteworthy. The meta-analysis showed a 26% increase in odds of asthma for caesarean among girls compared to an 8% increase among boys, and it provided stronger evidence of a sex difference. Higher estimated associations among girls on both additive and multiplicative scales indicated that differences observed on the multiplicative scale are not due to the higher baseline asthma risk among young boys. In our study, adjusting for potential confounders led to larger differences between the sexes.
| Interpretation
Differences by sex were first reported in 2005 among children enrolled in Kaiser Permanente Northwest Region with an odds ratio of 1.53 (95% CI 1.11, 2.10) in girls and 1.08 (95% CI 0.81, 1.43) in boys. 12 When researchers restricted their exposure to repeat caesareans (used as a proxy for deliveries least likely to include the transfer of vaginal flora, a proposed mechanism of effect 1,2 ), there was stronger evidence of multiplicative interaction between caesarean and sex. Two additional publications, on cohorts in Denmark and Brazil, presented stronger associations between caesarean and asthma or persistent wheezing among girls than boys, but with confidence intervals including the null for both sexes. 11, 13 Finally, the Norwegian mother and child cohort study of 37 171 children reported risk ratios for caesarean and asthma of 1.32 (95% CI 1.09, 1.60) among girls and 1.09 (95% CI 0.93, 1.27) among boys (P = 0.13 for interaction). 10 In four out of five studies that assessed these sexspecific associations (including ours), statistical tests of interaction TA B L E 3 Characteristics of results for the association between caesarean delivery and asthma stratified by sex from current and previous studies included in meta-analysis (results shown in Figure 1 ) Restricted to full-term births ≥2500 g, Apgar score ≥7 (5 min), no model covariates indicated; however, adjustment for breast feeding, maternal age, smoking, education, previous deliveries, and sex did not meaningfully change overall caesarean estimate (sexes combined)
a Persistent wheezing results were also reported for ages 11 and 15. We included results for this age range in our meta-analysis because it is more consistent with early childhood. b Our study examined outcomes at ages 2-6, but results at age 5 were included in the meta-analysis. c While the age at outcome assessment was after childhood, participants were asked about their child ever being diagnosed with asthma. Since many of these diagnoses were likely during childhood we included this article. were not significant (ie, P < 0.05). However, tests of interaction frequently have low power to detect modest heterogeneity, as studies are typically powered only to detect the main effects of interest.
The limited but consistent higher estimates reported among girls thus far on this topic should motivate future studies to report sexspecific estimates for caesarean and asthma regardless of whether the tested interaction is significant.
The well-documented sex differences in the natural history of asthma lend credence to the possibility that caesarean may be an asthma risk factor of differential importance for males and females.
Biological differences that contribute to differences in asthma susceptibility may start in utero, where lung development occurs more rapidly in females, and are evident in structural differences between male and female respiratory systems at birth. 19, 20 In childhood, asthma prevalence is higher among males, but after puberty, the prevalence is higher among females, potentially due to hormonal changes among other factors. 15, 21 Moreover, there is some evidence of other risk factors for asthma and wheeze that differ by sex. 22, 23 One proposed mechanism for an association between caesarean and asthma, relating to the hygiene hypothesis, is that children who are not delivered vaginally have altered microbial colonisation which could influence immune system development and asthma susceptibility. 1,2 A second proposed mechanism is that neonatal respiratory morbidity, for which children delivered by caesarean are at an increased risk, 3-5 may subsequently increase asthma risk. 6 Although the underlying mechanisms that drive sex differences in asthma are poorly understood, it is possible that a greater proportion of girls are vulnerable to these hypothesised mechanisms for caesarean and asthma.
An alternative to true effect modification by sex is the possibility that the association for one sex is more affected by biases such as unmeasured confounding or misclassification. We were unable to adjust for maternal body mass index, birth order, and breast feeding all of which may influence the association between caesarean and asthma. 10, 12 To explain any observed heterogeneity by sex, unmeasured confounders would also have to be associated with sex (ie, be a stronger confounder for one sex than the other). We note previous studies reporting sexspecific associations controlled for the factors listed above.
10-12
We controlled for gestational age based on our DAG (Figure 2) assuming that preterm birth and caesarean share an unmeasured common cause (U) related to underlying fetal or maternal health.
Preterm birth can alternatively be considered on the causal pathway between caesarean and asthma; under these latter conditions, our results do not estimate the total effect of caesarean, but rather the effect of caesarean on asthma not mediated through preterm birth. This is consistent with previous studies which typically control for gestational age to focus on pathways between caesarean and asthma independent of gestational age.
We chose to conduct sex-stratified analyses to allow relationships between all variables to be modelled separately by sex and thus account for sex differences in confounding by measured covariates. As shown in a recent simulation by Buckley et al, 24 when
confounding is sex-dependent, the common approach of including a single product term between sex and exposure can yield biased estimates. Despite the apparent sex differences in the magnitude of confounding, our sex-specific estimates from stratified models and our sex-specific estimates based on interaction models were ultimately very similar yielding the same conclusions.
One possible non-causal explanation for the association between caesarean delivery and asthma is uncontrolled confounding by treatment-seeking behaviour (eg, treatment-seeking behaviour leads to the decision to have both a caesarean and a child asthma diagnosis). There is some evidence of differences in asthma severity and diagnosing by sex, 15 and if treatment-seeking behaviour was more common among parents of girls, this could lead to a stronger positive bias in the caesarean-asthma association among girls.
Differences in disease misclassification by sex could also lead to apparent sex heterogeneity in this association. For example, greater disease misclassification among boys could lead to underestimation of the caesarean-asthma association for boys.
| Strengths of the study
This study uses a mother-child linked cohort, estimates associations on both the additive and multiplicative scales, and uses medical records for asthma classification. Following the suggestion by Magnus and colleagues, 10 we assessed the association between caesarean and asthma at several ages. Birth records were used to classify mode of delivery which is one of the more accurate birth record fields.
25,26
The meta-analysis of this study's findings with those from the literature summarises the state of the knowledge on potential sex differences in the association between caesarean and asthma.
| Limitations of the data
Due to missing mode of delivery data, 30.6% (n = 7533) of the KAPPA cohort was excluded from this analysis. For the children whose data were missing because of the administrative issue with the pulling of birth record data (n = 1508, Figure S1 ), we do not expect them to be systematically different than those retained on factors other than birth year. Comparing children who were included and excluded from the analysis due to missing birth mode, asthma F I G U R E 2 Simplified directed acyclic graph highlighting variables that were important in our analysis of sex heterogeneity [hollow arrows represent relationships that differed by sex, U represents obstetric factors that are indications for preterm birth via caesarean delivery]
rates were similar, although this is insufficient evidence to rule out selection bias. Of children included in the analysis, there were minimal differences in caesarean proportion or earlier asthma diagnoses between children followed to age 6 and children who were not.
Many of the children were not followed until the older ages due to censoring at the time of study completion (eg, children born in 2010 could be at most 3 years old when follow-up ended in 2013).
We could not determine whether caesarean deliveries were planned or emergency, which can be used to approximate whether caesareans occurred after labour or membrane rupture. If caesarean causes asthma due to the prevention of gut colonisation by vaginal flora, one would expect to see a stronger association between caesarean and asthma in caesareans that do not involve membrane rupture. Future studies could assess how the type of caesarean impacts sex differences. Identifying children with asthma in early life is challenging, and outcome measurement error is likely in our study.
The meta-analysis was limited to sex-specific results authors chose to report in their publications on caesarean and asthma. It is plausible that the sex-stratified results reported in the literature
are not a random sample of sex-stratified results in all studies; some studies may have examined heterogeneity by sex but not reported such results if the estimates were similar between sexes. This potential for reporting bias could lead to the spurious appearance of effect modification by sex. Nonetheless, we believe it is unlikely that investigators who estimated sex-specific associations preferentially reported them only when estimates were higher for females.
| Conclusions
Attempting to elucidate the potential link between caesarean delivery and asthma is an active area of research. Due to an emerging pattern of stronger associations among girls, we encourage researchers to present results stratified by sex, regardless of their findings.
Further study of sex differences in this association may advance our understanding of the nature of the association between caesarean delivery and asthma and shed light on sex differences in the aetiology of asthma in early life.
